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The kinetic characteristics of electrochemical reduction of SiO2 granules in molten CaCl2 were 17 
investigated to develop a new process for producing solar-grade silicon. The reduction rate was 18 
evaluated based on the time dependence of the reduction fractions measured from the growth of the 19 
reduced Si layer and the weight change of the samples during electrolysis. The samples were 20 
prepared by potentiostatic electrolysis of SiO2 granules in molten CaCl2 at 1123 K. The results 21 
indicated that the reduction was fast at the initial stage of electrolysis, and gradually slowed as the 22 
reaction progressed. The apparent current density reached 0.7 A cm-2 at the initial stage, which was 23 
comparable to the commercial Hall-Héroult process for aluminum production. 24 
 25 
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The global solar cell market has grown rapidly over the past decade. The annual installation of 30 
solar cells in the world reached 28.6 GW in 2012.1 Crystalline silicon is the most prevalent raw 31 
material for solar cells on the market, and Si-based solar cells accounted for 88% of the global 32 
production in 2012.2 With the expansion of the market, the consumption of solar-grade silicon 33 
(SOG-Si; 6N purity) has also climbed dramatically. An average growth of 10–20% per year is 34 
estimated for SOG-Si production over the next decade. 35 
The Siemens process,3-5 based on hydrogen reduction and thermal decomposition of 36 
trichlorosilane (SiHCl3), is the most widely used process for SOG-Si production. In spite of the 37 
highly reliable product quality, this process has some disadvantages, including low productivity, low 38 
reaction efficiency, and high energy consumption. Therefore, a novel, high yielding, inexpensive 39 
SOG-Si production process is required. 40 
Various SOG-Si production processes have been developed to displace the Siemens process.6-25 41 
Meanwhile, the authors26-33 and other researchers34-43 have demonstrated that solid silica (SiO2) can 42 
be directly reduced to solid Si via electrolysis in molten salts. A SiO2 plate or pellet in contact with a 43 
current conductor is electrochemically reduced to Si at the three-phase zone of SiO2/molten 44 
salt/conductor. The produced O2- ions are transferred to the carbon anode through the melt, and then 45 
oxidized to form CO or CO2. The authors has proposed a new SOG-Si production process by 46 
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combining this method with the use of high-purity silica and directional solidification,32 and 47 
demonstrated that impurities in the produced Si can be controlled at a low level when high-purity 48 
SiO2 is used as the raw material.44 49 
Recently, the authors proposed an improved electrochemical process in which SiO2 granules are 50 
directly used as the raw material.45 From the viewpoint of industrial application in the future, 51 
granules have advantages in cost and quality control over plates or pellets, as well as the suitability 52 
for a continuous operation. SiO2 granules are supplied from the top of the electrolysis cell and are 53 
stratified on the cathode placed at the bottom of the cell. The electrochemically reduced Si in molten 54 
CaCl2 is tapped out from the cell bottom as slurry containing molten CaCl2. The advantage of this 55 
process is the compatibility for a semi-continuous operation, which improves the productivity. 56 
The kinetics of the direct electrochemical reduction of solid SiO2 granules is crucial for the scale 57 
up of the laboratory experiment for commercial production. Previously, the kinetics was studied 58 
based on the current-time curve during electrolysis45 and direct observation of the reaction 59 
interface.46 The overall reduction was clarified to proceed via two different routes: (1) from the SiO2 60 
granules near the conductor to the distant granules along the granule surfaces, and (2) from the 61 
surface to the core in each partly reduced granule. Formation of the core (SiO2)–shell (Si) structure 62 
for partly reduced SiO2 granules indicated that the reduction along the granule surfaces was faster 63 
than that from the surface to the core. 64 
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In the present study, the kinetic characteristics of the electrochemical reduction of SiO2 granules 65 
in molten CaCl2 at 1123 K were further investigated by the direct measurement of the reaction 66 
interfaces and the weight change of the samples during electrolysis. The kinetics was discussed by 67 
plotting the time dependence of the reduction fraction. The productivity of the proposed process was 68 
evaluated based on the apparent current density calculated from the experimental results. 69 
 70 
Experimental 71 
An Al2O3 crucible (Nikkato Corp., o.d. 90 × i.d. 80 × height 100 mm) charged with 300 g of 72 
CaCl2 (Kojundo Chemical Lab. Co., Ltd., 99%) was set inside a SiO2 vessel and heated to 1123 K in 73 
a dry Ar atmosphere (100 mL min-1) in an electric furnace. Prior to the experiment, CaCl2 was dried 74 
under vacuum at 453 K for 72 h and 773 K for 24 h. The working electrode comprised an Al2O3 tube 75 
(Nikkato Corp. o.d. 13 × i.d. 9 × height 10 mm) and a Si plate (Nilaco Corp., 15.0 × thickness 0.5 76 
mm, n-type, (100) plane, resistivity 0.1–1.0 Ω cm) (Figure 1). A nickel wire (Nilaco Corp., 1.0 mm, 77 
99%) used as the current lead was connected to the Si plate by threading into a drilled hole (1.1 78 
mm). Approximately 0.41 g of high-purity SiO2 granules (Taiheiyo Cement Corp., particle size < 0.1 79 
mm) was charged in the Al2O3 tube. With this setup, electrical contact to SiO2 occurs only through 80 
the Si plate at the bottom of the Al2O3 tube. 81 




reference electrode was a Ag+/Ag electrode prepared by immersing a silver wire (Nilaco Corp., 1.0 83 
mm, 99%) in a CaCl2 melt containing 0.5 mol% AgCl (Wako Pure Chemical Co., Ltd., 99.5%) in a 84 
mullite tube (Nikkato Corp., o.d. 6 × i.d. 4 × height 450 mm). The potential of this reference 85 
electrode was occasionally checked against a Ca2+/Ca dynamic reference electrode, prepared 86 
galvanostatically on a Mo wire (Nilaco Corp., 1.0 mm, 99.95%).31 All potentials are given with 87 
reference to the Ca2+/Ca potential.  88 
After immersing the electrodes in the CaCl2 melt, the potential of the working electrode was set at 89 
0.5 V vs. Ca2+/Ca for the potentiostatic electrolysis for 10 min to 240 min. The working electrode 90 
was immediately taken out from the melt after electrolysis and a new one was immersed in for 91 
another run. The post-electrolysis working electrode was cut vertically into two halves with a 92 
diamond wheel saw (SBT 650, Meiwafosis Co., Ltd.) to observe the cross section and measure the 93 
thickness of the reduced layer. The kinetics was evaluated by measuring the weight change of the 94 
sample between before and after electrolysis. After electrolysis, the sample was first washed in 1M 95 
HCl for 24 h. Here, byproducts like CaSiO3, CaO and CaCO3 react with HCl leaving SiO2 as the 96 
only solid residue. Then, the sample was further washed in distilled water for 48 h, and weighed 97 
after drying.  98 
Blank electrolysis tests using the working electrodes without charging SiO2 granules were 99 
conducted before and during the experiment. Large and unstable background currents (ca. -100 mA) 100 
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were detected, which were mainly due to the side electrochemical reactions of moisture. Since the 101 
area of Si plate contacting only the molten salt was larger than the area contacting SiO2 granules 102 
(See Fig. 1b), it was difficult to precisely evaluate the current corresponding only to the SiO2 103 
reduction. 104 
 105 
Results and Discussion 106 
Growth of Reduced Layer. —The cross sections of the working electrodes after electrolysis at 0.5 107 
V vs. Ca2+/Ca for (a) 10 min, (b) 30 min, (c) 60 min, and (d) 120 min in molten CaCl2 at 1123 K are 108 
shown in Figure 2. For each sample, a dark brown layer was observed above the Si plate at the 109 
bottom. Formation of crystalline Si in this layer was confirmed by XRD and SEM/EDX in a 110 
previous study with a similar experimental setup.46 111 
The dark layer, composed of reduced Si, grows from the bottom to the top with the progress of 112 
electrolysis. After 120 min of electrolysis, most of the colorless 6.0-mm-thick SiO2 layer became 113 
dark. The top position of unreduced SiO2 layer did not apparently change after reduction, as seen in 114 
Figure 2. This indicates that the granules piled on the Si plate as a whole do not shrink downward 115 
during the reduction. In the similar manner as quartz plate,26 the volume decrease from SiO2 to Si is 116 
explained by the formation of porous structure inside the granule. The thicknesses of the dark layer 117 





value of the reduced layer is plotted against electrolysis time in Figure 3. The growth rate of the 119 
reduced layer gradually decreased with the electrolysis progress. 120 
 121 
Weight Change during Electrolysis.— The progress of the electrochemical reduction was 122 
investigated by measuring the weight change of the samples. The mass balance before and after 123 
electrolysis is illustrated in Figure 4, where Wbef. and Waft. are the weights of the samples before and 124 
after electrolysis. Here, the dissolution of solid SiO2 in molten CaCl2 is not considered. Because the 125 
Si atoms remain in the tube during the electrolysis, the weight change occurs by the removal of 126 
oxygen. The weight change after 10–240 min of electrolysis are listed in Table I and plotted against 127 
electrolysis time in Figure 5. In accordance with the growth rate of the reduced layer, the rate of the 128 
weight change is large at the initial stage of electrolysis compared with the later stage. 129 
 130 
Reduction Fraction during Electrolysis.— The reduction fraction was evaluated by two methods. 131 
From the perspective of the growth of the reduced layer, the apparent reduction fraction (Fapp.) is 132 





δF      (1) 134 
where δred. and δini. are the thicknesses of the reduced layer and the initial SiO2 layer (Figure 2). 135 






















F     (2) 138 
where MSiO2 and MO are the molar weights of SiO2 and O, respectively.  139 
The apparent and actual reduction fractions are listed in Table II. The time dependences of the 140 
reduction fractions are compared in Figure 6. The apparent reduction fraction was larger than the 141 
actual value. The difference is due to the formation of the core (SiO2)–shell (Si) structure for the 142 
partly reduced SiO2 granules (Figure 7).46 The SiO2 granules in the reduced layer were not 143 
completely reduced to Si. 144 
Fapp. and Fact. rapidly increased at the initial stage of electrolysis as compared with the later stage. 145 
This tendency indicates that the reduction gradually slows with the progress of electrolysis, and two 146 
potential explanations can be considered. First, contact resistance exists between formed Si particles, 147 
resulting in a voltage drop. With the progress of electrolysis, the reduction front gradually moves 148 
away from the start point (Si plate) leading to a large voltage loss by contact resistance. The 149 
reduction rate has been reported to decrease at more positive potentials.26,27,29 Because the contact 150 
resistance would be primarily generated at the surface of Si granules, this effect plays an important 151 
role on the behavior of Fapp.. Moreover, the diffusion of O2- ions in CaCl2 inside the granules 152 
becomes important when the reduction proceeds. For the reduction along the granule surface, the 153 






ions must diffuse through the crevice of the Si shell. As explained in the previous study,45,46 the O2- 155 
ions accumulate in the CaCl2 in the crevice, leading to an increased viscosity of CaCl2 and decreased 156 
diffusion coefficient of the O2- ions. Consequently, the reduction rate decelerates with the progress of 157 
electrolysis, which is predominantly responsible for the behavior of Fact..  158 
 159 
Apparent Current Density.— The current density, an important kinetic index, is evaluated from 160 
the weight change of the samples. The electrochemical reduction of SiO2 is written as 161 
SiO2 (s) + 4e-  Si (s) + 2O2-    (3) 162 







     (4) 164 
where e is the elementary charge of an electron (e ≈ 1.6×10−19 C), and NA is Avogadro’s constant 165 
(NA ≈ 6.02×1023 mol−1). The apparent current density (J) based on the geometric area of the bottom 166 












     (5) 168 
where A is the valid geometrical area of the Si plate, d is the inner diameter of the Al2O3 tube (d = 169 
0.9 cm), and t is the electrolysis time. In the present study, cathodic charge and current are taken as 170 
positive values. 171 




Figure 8. The current density was as large as 0.7 A cm-2 at the initial stage, ca. 20 min, and 173 
gradually decreased with the progress of electrolysis. This value is comparable to the current 174 
density of the commercial Hall-Héroult process for aluminum production.47 This result indicates 175 
that the direct electrochemical reduction of SiO2 in molten CaCl2 has the potential of being a highly 176 
productive silicon production process. 177 
 178 
Conclusions 179 
The kinetic characteristics of the electrochemical reduction of SiO2 granules in molten CaCl2 at 180 
1123 K were investigated by direct observation of cross-sectioned samples and weight change of 181 
samples during electrolysis.. The results indicated that the reduction was fast at the initial stage of 182 
electrolysis and gradually slowed as the electrolysis progressed. The apparent current density 183 
reached 0.7 A cm-2 at the initial stage of electrolysis. The direct electrochemical reduction of SiO2 in 184 
molten CaCl2 has the potential of being a silicon production process with high productivity 185 
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The initial SiO2 layer
 
Figure 3. Time dependence of the thickness of the reduced layer of electrochemical reduction of SiO2 granules by electrolysis at 0.5 V vs. Ca2+/Ca for 
































































Figure 6. Time dependences of reduction fractions of electrochemical reduction of SiO2 granules by electrolysis at 0.5 V vs. Ca2+/Ca for 10-240 min in 














Figure 7. Schematic illustrations of the (a) cross section of the working electrode half way through electrolysis and (b) core (SiO2)-shell (Si) structure for 

















































Figure 8. Time dependence of the apparent current density of electrochemical reduction of SiO2 granules by electrolysis at 0.5 V vs. Ca2+/Ca for 10- 240 
min in molten CaCl2 at 1123 K. 
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2-1 10 0.413 0.391 -0.022 
2-2 20 0.413 0.367 -0.046 
2-3 30 0.411 0.350 -0.061 
2-4 50 0.410 0.360 -0.050 
2-5 60 0.393 0.340 -0.053 
2-6 90 0.410 0.323 -0.087 
2-7 120 0.407 0.303 -0.104 
2-8 150 0.410 0.265 -0.145 




Table II. Apparent reduction fraction (Fapp.), actual reduction fraction (Fact.), and apparent current density of direct electrochemical reduction of SiO2 









1-1 10 21.7% - - 
1-2 30 40.0% - - 
1-3 60 50.0% - - 
1-4 120 83.3% - - 
2-1 10 - 10.0% 0.70 
2-2 20 - 20.9% 0.73 
2-3 30 - 27.8% 0.64 
2-4 50 - 22.9% 0.31 
2-5 60 - 25.3% 0.28 
2-6 90 - 39.8% 0.31 
2-7 120 - 47.9% 0.27 
2-8 150 - 66.3% 0.31 
2-9 240 - 73.7% 0.22 
 
 
